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Description 



APPARATUS AND METHOD FOR 
CONTROLLING KINETIC RATES FOR 
INTERNAL REFORMING OF FUEL IN SOLID 
OXIDE FUEL CELLS 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates to an apparatus and method 
for controlling internal reforming kinetic rates in a solid 
oxide fuel cell. 

[0003] 2. Background Art 

[0004] Fuel cells are electrochemical devices that convert the 

chemical energy of a fuel into electricity and heat without 
fuel combustion. In the one type of fuel cell hydrogen gas 
and oxygen gas are electrochemically combined to pro- 
duce electricity. The hydrogen used in this process may be 
obtained from natural gas or methanol while air provides 
the oxygen source. The only by-products of this process 



are water vapor and heat. Accordingly, fuel cell-powered 
electric vehicles reduce emissions and the demand for 
conventional fossil fuels by eliminating the internal com- 
bustion engine (e.g., in completely electric vehicles) or 
operating the engine at only its most efficient/preferred 
operating points (e.g., in hybrid electric vehicles). How- 
ever, while fuel cell-powered vehicles have reduced harm- 
ful vehicular emissions, they present other drawbacks. 
[0005] solid oxide fuel cells ("SOFCs") are a type of fuel cell de- 
sign that is currently undergoing significant development. 
In some types of SOFCs, hydrocarbon fuel is fed to an an- 
ode and an oxygen containing gas is fed to the cathode. 
Although direct oxidation of hydrocarbon fuels at solid 
oxide fuel cells is desirable, typically it is necessary to re- 
form the fuel (i.e., convert the fuel to hydrogen and car- 
bon monoxide). Operating SOFCs by directly supplying 
fuel to the cell can reduce size requirements. In addition, 
it is possible that lower system costs and greater system 
efficiency can be realized by operating via direct oxida- 
tion. SOFCs may be considered to be systems or reactors 
that generate electrical power much like a battery, the dif- 
ference being that the fuel cell is a continuous-flow reac- 
tor. The ability of SOFCs to tolerate impurities in the fuel 



makes it possible to process (reform) the hydrocarbon fu- 
els within the cell. This should be contrasted to PEM fuel 
cells which require extremely pure hydrogen to avoid be- 
coming poisoned, and onboard reforming does not deliver 
hydrogen that is sufficiently pure. Typically, nickel is used 
as a catalyst in SOFC anodes to raise its electrical conduc- 
tivity and, fortunately, the nickel can also catalyze the re- 
forming of hydrocarbon compounds. 
[0006] There are two key factors in the thermal processes taking 
place in the reforming step of an operating SOFC. The re- 
forming step is highly endothermic, that is, energy is con- 
sumed by the reaction. For example, the enthalpy for re- 
forming reaction converting methane to carbon monoxide 
and hydrogen is +226 kj/mol at 800°C. Secondly, the cell 
oxidation reactions are exothermic, with an enthalpy of 
reaction of -273 kj/mol, assuming all of the hydrogen and 
carbon monoxide are consumed. Comparing the energies 
of these two thermal processes, there is a reasonable bal- 
ance between the two reactions, averaged over an entire 
fuel cell surface. If the two sets of reactions happened in 
the same location at the same time, most of the thermal 
effects would cancel, and there would be only a modest 
temperature change in the SOFC during operation. Unfor- 



tunately, the reactions do not generally occur at the same 
locations. One consequence of this is that the fast reform- 
ing reactions lead to local cooling in the entrance region 
of SOFCs resulting in high thermal stresses. Ultimately, 
this localized stress can lead to cracking and failure of the 
SOFC cell structure. 
[0007] Accordingly, there exists a need for methods of control- 
ling internal reforming kinetic rates in a solid oxide fuel 
cell such that such fuel cells are subjected to lower 
amounts of internal stress. 
Summary of Invention 

[0008] The present invention overcomes one or more problems 
of the prior art by providing in at least one embodiment a 
solid oxide fuel cell in which kinetic rates for internal re- 
forming are controlled. The solid oxide fuel cell of the in- 
vention comprises a cathode, an electrolyte layer adjacent 
to the cathode, and an anode adjacent to the electrolyte 
layer. Moreover, the cathode, electrolyte layer, and the 
anode may be arranged in a planar configuration or in a 
concentric configuration. The anode used in the cell of the 
invention includes a support structure which defines at 
least a portion of an anode flow channel and a catalyst 
that promotes reforming. The anode flow channel has an 



anode flow channel entrance for the introduction of fuel 
to the solid oxide fuel cell and an anode flow channel exit 
for removing unreacted fuel and/or by-products. The cat- 
alyst is dispersed within or upon the support structure 
such that the rate of reforming increases at increasing 
distances from the anode flow channel entrance. By in- 
creasing the catalyst concentration in the direction of fuel 
flow you are "effectively" spreading the hydrocarbon con- 
version along the flow direction since the rate of reform- 
ing is proportional to the catalyst concentration. Once the 
reforming starts, the hydrocarbon concentration will drop 
along the flow direction, which will also slow the reaction 
rate. This drop in hydrocarbon concentration will allow the 
catalyst concentration to be raised to a higher value in the 
fuel downstream direction. Typically, this increasing rate 
is achieved by providing a catalyst concentration profile in 
which the catalyst has a first concentration at a first posi- 
tion and a second concentration at a second position such 
that the first position is closer to the anode flow channel 
entrance than the second position and the first concentra- 
tion is lower than the second concentration. Although the 
regions of the anode having lower catalyst concentration 
will have a lower electronic conductivity, the electrolyte 



layer is typically the dominant contributor to cell resistiv- 
ity (by several orders of magnitude). Accordingly, a large 
drop in anode conductivity can be tolerated. 

[0009] | n another embodiment of the present invention, a solid 
oxide fuel cell in which kinetic rates for internal reforming 
are controlled is proved. The solid oxide fuel cell of the 
invention comprises a cathode having one or more cath- 
ode flow channels, an electrolyte layer adjacent to the 
cathode, and an anode adjacent to the electrolyte layer. 
The anode used in the cell of the invention includes one 
or more anode flow channels. Each anode flow channel 
has an anode flow channel entrance and a catalyst that 
promotes reforming dispersed within or upon a surface of 
the one or more anode flow channels. The catalyst is dis- 
persed within or upon the surface such that the rate of re- 
forming increases at increasing distances from the anode 
flow channel entrance. 

[0010] | n y e t another embodiment of the invention, a method of 
controlling kinetic rates for internal reforming in a solid 
oxide fuel cell is proved. The method of the invention is 
the method utilized in the solid oxide fuel cells of the in- 
vention for control reforming. The method of the inven- 
tion comprises flowing fuel through the anode flow chan- 



nel such that the fuel contacts a surface of the anode flow 
channel. The surface of the anode flow channel includes a 
catalyst that promotes reforming dispersed within or upon 
the surface with the same concentration profiles used in 
the fuel cells of the invention. 
[° 01 1 ] In still another embodiment of the invention, an automo- 
bile that is at least partially powered by the solid oxide 
fuel cells of the invention is provided. 
Brief Description of Drawings 

[0012] FIGURE 1A is an exploded view of a solid oxide fuel cell in 
which the anode, cathode, and electrolyte layer are ar- 
ranged in substantially parallel sheets; 

[0013] FIGURE IB is a schematic of a solid oxide fuel cell in which 
the anode, cathode, and electrolyte layer are arranged in 
substantially parallel sheets; 

[0014] FIGURE 2 provides plots of the temperature profile of an 
anode in a SOFC for mixtures containing varying amounts 
of pre-reformed fuel. 

[0015] FIGURE 3 is a bar chart providing the amounts of stress in 
the anode, cathode, and electrolyte layer of solid oxide 
fuel cells operated at 600°C, 650°C, and 700°C; and 

[0016] FIGURE 4 provides plots of the temperature gradient in a 
fuel cell in which the nickel concentration does not vary 



compared to a fuel cell in which the nickel concentration 
varies linearly. 
Detailed Description 

[0017] The following examples illustrate the various embodi- 
ments of the present invention. Those skilled in the art 
will recognize many variations that are within the spirit of 
the present invention and scope of the claims. 

[0018] | n one embodiment of the present invention, a solid oxide 
fuel cell is provided. With reference to Figures 1A and B, 
schematics of a solid oxide fuel cell in which the anode, 
cathode, and electrolyte layer are arranged in substantially 
parallel sheets are provided. Solid oxide fuel cell 10 in- 
cludes cathode 12, electrolyte layer 14 adjacent to cath- 
ode 12, and anode 16 adjacent to electrolyte layer 14. An- 
ode 16 is made from support structure 20. Support struc- 
ture as used herein means the solid material from which 
the anode is made. Anode 18 also includes a catalyst that 
promotes reforming. Accordingly, anode 18 is typically 
combination of a metal catalyst and a ceramic material. 
Such a compound structure is referred to a cermet. Typi- 
cally, the anode layer in such fuel cells is made by stan- 
dard ceramic processing techniques with a thickness on 
the order of 1 mm. It should be appreciated that the in- 



vention is in no way limited by the thickness of the anode. 
Examples of useful cermet for forming the anode include 
Ni-Y 2 0 3 stabilized Zr0 2 ("Ni-YSZ"), nickel mixed with 

gadolina doped ceria (Ni-(Ce Gd O ) also written as 

0.8 0.2 2 

Ni-(Ce,Gd)02 or Ni-GDC), nickel mixed with yttria doped 
ceria zirconia (Ni-[Y O -(CeO ) (ZrO ) ] also written as 

2 3 2 7 0.7 V 2 7 0.3 

Ni-YDCZ), and nickel mixed with yttria doped zirconia 
(Ni-Y-stabilized Zr0 2 also written as Ni-YSZ.) 
[0019] still referring to Figures 1A and IB, solid oxide fuel cell 10 
may also include one or more additional anode flow chan- 
nels 26 - 32 which are formed in a completely analogous 
manner to anode flow channel 22. The solid oxide fuel cell 
of the present invention includes at least one such anode 
flow channel. Anode flow channel 22 includes anode flow 
channel entrance 36 for the introduction of fuel to the 
solid oxide fuel cell and an anode flow channel exit (not 
shown) for removing unreacted fuel and/or by-products. 
Similarly, additional flow channels 26-34 also includes 
anode flow channel entrances 38-42 and anode flow exits 
(not shown). Fuel cell 10 also includes cathode flow chan- 
nels 50-60 which are formed by cathode 12 and channel 
defining plate 24. An oxidizing component (e.g., air) is 
flowed through cathode flow channels 50-60. Anode flow 



channels 22, 26-32 may be arbitrarily oriented relative to 
the cathode flow channels to provide for cross-flows, 
counter-flows, or co-flows. In one variation of the inven- 
tion, anode flow channels are perpendicular to the cath- 
ode flow channels. In another variation of the invention, 
the anode flow channels are parallel. In this latter varia- 
tion, the cathode flow channels may allow the oxidizing 
component to flow in a direction opposite to the flow of 
the fuel in the anode flow channels or in the same direc- 
tion as the flow of fuel in the anode flow channels. An ex- 
ample of a material from which cathode 12 may be 
formed include (La, Sr)(Co, Fe)0 3 which may be deposited 
by spray techniques. Cathode layers used in the invention 
typically have a thickness on the order of 20 microns. It 
should be appreciated that the invention is in no way lim- 
ited by the thickness of the cathode. Finally, an example 
of a material from which electrolyte layer 14 may be 
formed is yttria stabilized ziconia. In a variation of the in- 
vention, the electrolyte is formed by screen printing or 
colloidal deposition. Electrolyte layers used in the inven- 
tion typically have a thickness on the order of 10 microns. 
It should be appreciated that the invention is in no way 
limited by the thickness of the electrolyte layer. 



[0020] As set forth above, solid oxide fuel cell 10 includes a cat- 
alyst. This catalyst is distributed within or upon at least 
one surface of the anode flow channels. For example, the 
catalyst is dispersed within or upon support structure 20 
with a concentration profile such that the rate of reform- 
ing increases with increasing distances from anode flow 
channel entrance 36. Typically, this increasing rate is 
achieved by providing a catalyst concentration profile in 
which the catalyst has a first concentration at a first posi- 
tion and a second concentration at a second position such 
that the first position is closer to the anode flow channel 
entrance than the second position and the first concentra- 
tion is lower than the second concentration. In such con- 
figurations, the catalyst concentration increases mono- 
tonically as distance from the anode flow channel en- 
trance increases for positions between the first position 
and the second position. Although any number of concen- 
tration profiles are useful, a catalyst concentration that 
increases linearly between the first and second position as 
distance from the anode flow channel entrance increases 
is found to be satisfactory and relatively easy to imple- 
ment. In other variations of the invention, the catalyst 
concentration increases in a stepwise manner between the 



first and second position as distance from the anode flow 
channel entrance increases. In one variation of the inven- 
tion, the catalyst is present in an amount from about 1% 
to about 50% of the total weight of the anode. Examples 
of useful catalysts in the fuel cell of the invention include 
nickel metal or nickel-containing compounds. The anode 
having the catalysts concentration profiles set forth above 
may be achieved in a number of ways known to those 
skilled in the art. For example, the anode may be dipped 
in a solution containing the catalyst or the salt of the 
metal comprising the catalyst. The catalyst from the solu- 
tion diffuses into the anode material (i.e., the solid sup- 
port material). The anode is then withdraw at a time de- 
pendent rate such that the positions that will be further 
from the anode entrance channel have longer residence 
time in the solution thereby having higher catalyst con- 
centrations. Moreover, the anode may be withdrawn under 
computer control to provide any desired catalyst concen- 
tration profile. Alternatively, the required concentration 
profile may be achieved by immersing an anode with inte- 
gral anode channels into a liquid. After immersion, the 
catalyst or salt thereof is introduced into the liquid. As the 
catalyst diffuses into the liquid, more catalysts will in cor- 



porate at positions near the entrance to the anode channel 
than at positions away from the anode channel entrances. 
The anodes may then be cut such that the positions with 
lower catalyst concentrations to provide entrances with 
lower nearby catalyst concentrations. Alternatively, the 
catalyst concentrations of the invention are also achieved 
by high energy ion implantation. Variation in catalyst con- 
centration may be achieved by, but is not restricted to, 
dipping the cell slowly into a solution from which Ni 
atoms are deposited, until the cell is entirely immersed, 
and then removed. If the catalyst deposition is diffusion- 
controlled, the amount of catalysts located at any position 
will depend on the geometry and on the time spent im- 
mersed. 

[0021] Although the present invention has been described in de- 
tail for a planar solid oxide fuel cell, it should be appreci- 
ated that alternative designs are possible. For example, 
cylindrical solid oxide fuel cells are also known. In these 
designs, the anode, cathode, and electrolyte layers are 
concentric. As for the planar designs, these cylindrical fuel 
cells typically include at least one anode channel and at 
least one cathode channel. 

[0022] | n another embodiment of the invention, a method for 



controlling kinetic rates for internal reforming of fuel in 
solid oxide fuel cells is provided. The solid oxide fuel cells 
to which the method of the invention is applied typically 
include a cathode having one or more cathode flow chan- 
nels and an anode having an anode flow channel having 
one or more anode flow channels. Each cathode flow 
channel has a cathode flow channel entrance and each an- 
ode flow channel has an anode flow channel entrance. The 
method of the invention will be recognized to be that 
method which is utilized in the solid oxide fuel cells to 
control reforming. The method of the invention comprises 
flowing fuel through the anode flow channel such that the 
fuel contacts a surface of the anode flow channel. The 
surface of the anode flow channel includes a catalyst that 
promotes reforming dispersed within or upon the surface. 
As set forth above, the concentration profile of the cata- 
lyst is such that the rate of the reforming reaction in- 
creases monotonically with distance from the entrance. 
The details of the catalyst and the catalyst concentration 
profile are the same as those set forth above. 
[0023] During practice of the method of the invention, an oxidiz- 
ing component is flowed through the cathode flow chan- 
nel(s). The oxidizing component is necessary to complete 



the fuel cell circuit. Typically, the oxidizing component is 
an oxygen containing gas although any number of oxidiz- 
ing components may be used, oxygen is the most com- 
mon because of the ready availability of air. The flows of 
gas through the cathode flow channels and the anode flow 
channels may be in any direction relative to each other 
depending on the orientation of the cathode and anode 
flow channels. For example, the anode flow channel may 
be parallel or perpendicular to the cathode flow channels. 
In a variation of the invention, the oxidizing component is 
flowed through the cathode flow channel in an opposite 
direction than the fuel is flowed through the anode flow 
channel. This variation of course requires that the cathode 
and anode flow channels be substantially parallel. 
[0024] with reference to Figures 2-4, the advantages of the 
present invention are readily appreciated. Figure 2 pro- 
vides the temperature profile of a section of an anode in a 
SOFC for various mixtures of fuel provided to the anode. 
The fuel mixtures each contain varying amounts of "pre- 
reformed" fuel. "Pre-reformed" as used herein means that 
the indicated amount of reforming is present in the fuel 
prior to contacting of the anode (X=0.95 means 5% of the 
fuel is pre-reformed). At low amounts of pre-reforming, it 



is observed that there is a sharp temperature drop near 
the entrance to the anode where the fuel is first intro- 
duced. When there are small amounts of pre-reforming, 
more of the reforming occurs in the anode thereby caus- 
ing the observed temperature gradients. As the amount of 
pre-reforming is increased, the magnitude of the temper- 
ature drop decreases. Figure 3 is a bar chart providing the 
amounts of stress in the anode, cathode, and electrolyte 
layer of solid oxide fuel cells operated at 600°C, 650°C, 
and 700° C. In general, the amount of stress in each layer 
increases as the operating temperature increases. One 
source of this stress is the temperature gradient induced 
by reforming as indicated in Figure 2. With reference to 
Figure 4, plot of the temperature gradient in a fuel cell in 
which the nickel concentration is not varied is compared 
to a fuel cell in which the nickel concentration varies lin- 
early is provided. The fuel cell with the linearly variation is 
observed to have a significantly lower temperature gradi- 
ent near the inlet. This is the most important region be- 
cause it is the region with the largest gradient (i.e., the 
regions with the greatest temperature drop). 
[0025] while embodiments of the invention have been illustrated 
and described, it is not intended that these embodiments 



illustrate and describe all possible forms of the invention. 
Rather, the words used in the specification are words of 
description rather than limitation, and it is understood 
that various changes may be made without departing from 
the spirit and scope of the invention. 



